A 2-arm parallel-group randomized controlled trial measured the cost-effectiveness of caries prevention in caries-free children aged 2 to 3 y attending general practice. The setting was 22 dental practices in Northern Ireland. Participants were centrally randomized into intervention (22,600 ppm fluoride varnish, toothbrush, a 50-mL tube of 1,450 ppm fluoride toothpaste, and standardized prevention advice) and control (advice only), both provided at 6-monthly intervals during a 3-y follow-up. The primary outcome measure was conversion from caries-free to caries-active states assessed by calibrated and blinded examiners; secondary outcome measures included decayed, missing, or filled teeth surfaces (dmfs); pain; and extraction. Cumulative costs were related to each of the trial's outcomes in a series of incremental cost effectiveness ratios (ICERs). Sensitivity analyses examined the impact of using dentist's time as measured by observation rather than that reported by the dentist. The costs of applying topical fluoride were also estimated assuming the work was undertaken by dental nurses or hygienists rather than dentists. A total of 1,248 children (624 randomized to each group) were recruited, and 1,096 (549 in the intervention group and 547 in the control group) were included in the final analyses. The mean difference in direct health care costs between groups was £107.53 (£155.74 intervention, £48.21 control, P < 0.05) per child. When all health care costs were compared, the intervention group's mean cost was £212.56 more than the control group (£987.53 intervention, £774.97 control, P < 0.05). Statistically significant differences in outcomes were only detected with respect to carious surfaces. The mean cost per carious surface avoided was estimated at £251 (95% confidence interval, £454.39-£79.52). Sensitivity analyses did not materially affect the study's findings. This trial raises concerns about the cost-effectiveness of a fluoride-based intervention delivered at the practice level in the context of a state-funded dental service
Introduction
Dental caries is the commonest disease of childhood (National Institutes of Health 2000) . Once caries develops in young children, it progresses rapidly , commonly results in pain and extraction , has a negative impact on families (Mattila et al. 2000) , and incurs significant costs for health care systems (Casamassimo et al. 2009 ).
Prevention of the disease is seen as a more affordable option than treatment of established disease (Centers for Disease Control and Prevention 2009). Cochrane reviews provide strong evidence to demonstrate the effectiveness of fluoride delivered in various guises to prevent caries (Marinho et al. 2003 (Marinho et al. , 2004 (Marinho et al. , 2013 . However, the reviews provide little information on the cost-effectiveness of these interventions. Comparable cost-effectiveness information is important to enable objective assessment of the relative return on investment of different caries prevention options.
We undertook a large trial to measure the effects and costs of a combined fluoride intervention designed to prevent caries in young children attending dental services. The clinical outcomes of the intervention are presented elsewhere Tickle et al. 2017) . This article reports the cost-effectiveness of the intervention and discusses the difficulties of establishing whether the outcomes represent value for money.
Methods
This was a 2-arm, parallel group randomized controlled trial with an allocation ratio of 1:1. The trial protocol was published in 2011 prior to recruitment (Tickle et al. 2011) , and no important changes were made after trial commencement. Greater Manchester Central Research Ethics Committee provided ethical approval and oversight (reference 09/H1008/93). The trial was registered as a Clinical Trial of an Investigative Medicinal Product (CTIMP) with the Medicines & Healthcare products Regulatory Agency (MHRA) .
The study population were children aged 2 to 3 y who were registered with 22 National Health Service (NHS) general dental practices in Northern Ireland. At the time of planning the trial, 61% of 5-y-olds in Northern Ireland had caries (Lader et al. 2005) . Children were eligible for inclusion if they were 2 or 3 but not yet 4 y old and caries (into dentine) free at baseline, including no history of fillings or extractions due to caries. Exclusion criteria included presence of fissure sealants on primary molar teeth and a history of severe allergic reactions. The Belfast Clinical Trials Unit (CTU) centrally randomized children by a computer-generated randomization schedule for each practice, using randomized permutated blocks. The intervention consisted of the following:
• • 22,600 ppm of fluoride varnish applied to all primary teeth by the children's dentist • • A free toothbrush and 50-mL tube of 1,450 ppm of fluoride toothpaste • • Standardized dental health education on optimal use of fluoride toothpaste and restriction of sugar consumption
The intervention was provided at the child's dental checkup, twice a year at approximately 6-mo intervals. The control group received the same standardized dental health education as the intervention group, every 6 mo at their dental checkup. As the effectiveness of health education may be conditioned on other actions that accompany it, the checkup was consciously included among activities provided to both control and intervention groups. Participants were followed up for 3 y. The primary outcome measure was conversion from caries-free to caries-active states. Secondary outcome measures included the mean number of decayed, missing, or filled teeth surfaces (dmfs) in children with caries; number of episodes of pain; number of extractions; and costs. Caries severity (dmfs) was also calculated for the whole sample. Children were enrolled into the trial, and caries outcomes were assessed in the practices by 12 trained and calibrated (intra-and interexaminer agreements κ scores >0.70; see Appendix Table 1 ) dentists from the Community Dental Service (CDS), who were blind to the allocation. The sample size calculation is described in the protocol (Tickle et al. 2011 ) and discussed in the report of clinical findings .
Costs data collected included the following:
• • The market costs of varnish, toothpaste, and toothbrushes were collected by reference to the providing manufacturer.
• • Time taken to deliver the intervention calculated from data gathered via the Case Report Form (CRF), a paper record that was completed at each of the 6-monthly scheduled visits by site research assistants and validated by an observed time and motion study conducted in a sample of practices. The delivery time was monetized by reference to implicit average NHS dental pay rates provided by the NHS Central Services Agency. Other dental treatments provided by trial or other dentists, in addition to the 6-monthly scheduled visits, were also captured in the CRF. Unit costs were applied to these based on the NHS Statement of Dental Remuneration (2014 Remuneration ( -2015 , taken as reflecting the opportunity cost associated with provision of the dental activity in question. • • Utilization of other health care services was collected using a parental questionnaire, capturing details of general practitioner (family doctor) visits, hospital inpatient days, outpatient visits, and emergency room visits. Unit costs with respect to these services were taken from standard UK references (Curtis 2014; Department of Health 2015) . • • Measurement of non-health care costs included reported total time taken to accompany the child for a dental visit, including time off work plus distance traveled. This was measured via the parental questionnaire. Travel costs were monetized using Automobile Association (2014) reference costs per mile (as approximately 90% of parents traveled by car in both groups, with the remainder by foot or bus; all parents' travel costs were monetized assuming private vehicle use). Parental time costs were monetized using average earnings in Northern Ireland. Appendix Table 4 summarizes the data collected and the monetization source.
The economic analysis compared the mean cumulative costs per child incurred over the 3-y period in each arm of the trial and related these to the primary and secondary outcomes achieved over the same period. NHS costs were subdivided into those related to the intervention, those associated with other oral health care (checkups, pulpectomies, etc.), and those associated with care provided by other health service professionals. For the intervention group, direct intervention costs comprised toothpaste and toothbrushes, fluoride varnish, and the time involved in applying fluoride varnish, as well as a dental checkup during the course of which the varnish was applied. In the control group, the 6-monthly visit to the dentist was treated as a checkup for cost purposes. Given the relatively short duration of the study, neither costs nor outcomes were discounted. The analysis compared the total NHS costs in each of the 2 arms of the trial in accordance with the levels of effectiveness for each arm. In additional analyses, parental costs were added to those falling on the NHS. Incremental cost-effectiveness ratios (ICERs) were calculated to provide an estimate of the mean cost per additional unit of outcome. The ICERs were estimated following a bootstrapping exercise in which sample data were used to construct a sampling distribution of mean costs, effects, incremental costs, and effects and ICERs. Net monetary benefits (NMBs) were also calculated. In the absence of a threshold willingness to pay for the various measures of effect, a threshold of £1,000 was assumed for each. Costeffectiveness acceptability curves were generated with respect to each outcome to examine uncertainty around the threshold.
A series of sensitivity analyses were undertaken. These included reestimations of cost-effectiveness when • • Parental costs were included • • Measured delivery time (from the time and motion study) as opposed to that reported by dentists • • Fluoride was assumed to have been applied by a dental nurse or a hygienist rather than a dentist • • Costs were examined solely from the perspective of a dental care service, ignoring parental costs or costs to other parts of the health service
Results
The CONSORT (Consolidated Standards of Reporting Trial) flow diagram (Appendix Fig.) , baseline characteristics (Appendix Table 2 ), and the clinical findings (Appendix Table 3 ) are presented elsewhere ). We found a 5% difference in caries prevalence (primary outcome) between the groups in favor of the intervention, but this was not statistically significant. For secondary outcomes, differences in episodes of pain (P = 0.81) and number of teeth extracted were not significant (P = 0.95). Secondary caries outcome measures (dmfs) showed a significant difference in favor of the intervention group. Among the full sample, the intervention group had on average 1.3 fewer carious surfaces than the control group. Compliance was high: 87% of intervention and 86% of control children attended every 6-mo visit (P = 0.77). The appendix contains tables presenting details of • • Intervention costs and the costs associated with scheduled checkups among the control group. The largest element of cost in the intervention group was time taken to apply fluoride (delivery time), which in this analysis is based on time taken as reported by the dentist. • • Other NHS health care costs. The control group has significantly larger costs associated with restorations and extractions, for example. With respect to other health care costs, no statistically significant differences in cost were evident.
• • No statistically significant differences in costs incurred by parents associated with the consumption of dental care were found. Table 1 compares the total costs of these 3 elements combined: the total direct health care costs associated with the intervention, total indirect health care costs, and total parental costs together with differences between the 2 arms of the study. All costs are based on the cumulative use of services over the 3-y follow-up and expressed on a per person basis. With respect to direct costs, total health care costs, and total costs, statistically significant between-group differences were evident. In each case, the intervention group had higher costs, but as evident from Appendix Tables 5 to 7 , this was largely related to the cost of the intervention.
In Table 2 , a series of ICERs are reported together with associated 95% confidence intervals. ICERs are reported for 3 outcome measures: caries-free status, carious surfaces, and episodes of pain. In each case, the negative ICER should be interpreted as the mean additional cost per outcome avoided. For example, with respect to caries-free status, it costs on average approximately £2,093 for every child prevented from converting to caries; with respect to carious surfaces, it costs on average approximately £251 for every carious surface prevented. The only statistically significant results were obtained with respect to carious surfaces, which reflects the results of the clinical analysis . Table 3 presents a series of NMB estimates, each predicated on the assumption that society would be willing to pay £1,000 for every unit of the outcome in question. As with Table 2, a positive NMB was found only with respect to carious surfaces. This suggests that if society were willing to pay £1,000 per carious surface avoided, the intervention would deliver a net monetary benefit of approximately £1,063 per carious surface avoided when the intervention and other costs associated with its generation are taken into consideration. While the 95% confidence interval around this value is positive, it is quite wideranging from £298 to £1,855.
Cost-effectiveness planes and cost-effectiveness acceptability curves (CEACs) with respect to each outcome were also derived. Only those with respect to carious surfaces are reported here. The appearance of the former (Fig. 1) in the northwest quadrant of the diagram-higher cost, negative outcome-simply reflects the structure of the outcome, that is, carious surfaces avoided. With respect to the CEACs, the likelihood of the intervention being deemed cost-effective is highest with respect to carious surfaces avoided, which is consistent with the results of previous analyses (Fig. 2) . Appendix Tables 8, 9 , and 10 present the results of a series of sensitivity analyses. Dentists consistently overestimated delivery time, and adjusting for this reduced the intervention costs but did not have a material effect on cost-effectiveness or on NMB. Similar results were obtained with respect to other sensitivity analyses based on using nurses or hygienists to apply fluoride and limiting the focus of the analyses solely to dental costs. The reduction in staff costs (and exclusion of other health care costs) improved the cost-effectiveness ratio and NMB calculation, but the intervention remained potentially cost-effective only with respect to reducing carious surfaces.
Discussion
The perspective adopted in our evaluation was that of the public payer. Given the finding of a small but statistically significant reduction in dmfs, the economic analyses were important to establish if the effect size justified the investment required producing it. The costs of care in the intervention group were significantly greater than for the control group over the 3-y period. For total direct dental service costs per child (Table 1) , there was a mean difference over the 3 y of the study of £107.53 (£155.74 intervention, £48.21 control, P < 0.05). When all health care costs were compared, the intervention group's mean cost per child was £212.56 more that the control group (£987.53 intervention, £774.97 control, P < 0.05). The mean cost per carious surface avoided after 3 y was estimated at £251 with a wide 95% confidence interval (£454.39 to £79.52). These are based on bootstrapped NMBs, where a threshold of £1,000 is assumed for each outcome. Figure 1 . The cost-effectiveness (CE) plane based on bootstrapped incremental cost effectiveness ratios (ICERs), together with the sample estimate. The numerator is incremental healthcare costs the denominator incremental caries. On the vertical axis is shown incremental costs (the intervention group cost more) and on the horizontal axis incremental caries (the intervention group has less caries). In standard terminology, the intervention results in a health gain, but has an associated cost.
Figure 2.
Carious surfaces: Cost-effectiveness acceptability curve (CEAC). The CEAC shows the probability of the intervention being deemed value for money at various hypothecated willingness to pay thresholds.
It is important to recognize that our analyses did not include financial incentives paid to dentists to provide preventive care or the costs of performance management of practices to ensure that prevention was delivered to a minimum standard. In the trial, the practices received a £25 payment for each visit of each child to cover the costs of hosting the trial. The stringent trial monitoring processes required of a CTIMP ensured fidelity to the protocol was tightly monitored, so there were in-built incentives for practices to increase retention and adherence. These costs were not included in the economic analyses, as they were part of the trial infrastructure. If the intervention tested were to be translated into a NHS service, consideration would need to be given to these potential incentives and their attendant costs if the adherence rates we report are to be achieved, which would increase the costs of the intervention substantially.
The discrepancy between the time dentists reported taking to apply fluoride and that recorded in the time and motion study is also noteworthy in this regard. While the difference had no material effect on cost-effectiveness, it highlights the difference between perceptions among dentists and actual time used. Given the intervention's potential to displace other income-generating activity, adopting the intervention may require incentives that reflect dentists' perceptions of timings rather than those captured in the time and motion study.
Other factors could reduce the costs of the intervention, for example, use of role substitution by employing appropriately trained mid-level providers (Dyer et al. 2014 ). In the sensitivity analyses, we substituted the salary costs of a dentist with hygienists or dental nurses. The mean direct dental costs of using dental nurses (£74.57) and hygienists (£106.37) to deliver the intervention were lower than costs of using dentists (£155.74). However, this was based on the assumption that time required to deliver the intervention was the same for each type of provider. It also does not account for restrictions on scope of practice. In a number of countries, mid-level providers cannot diagnose dental disease or prescribe fluoride varnish, and so separate visits to different health care professionals for assessment, diagnosis, and prescription would be required. In this scenario, mid-level provider costs would be supplementary to, rather than substituting, the dentist's costs.
Our findings only report the costs and effects over a 3-y period and do not reflect outcomes throughout later childhood or indeed over the whole life course. A recent longitudinal cohort study reported (Hall-Scullin et al. 2017 ) children with caries in their primary teeth were 5 times more likely to develop caries in their permanent teeth than children whose primary dentition was caries free. This study illustrates that the consequences of developing caries in early childhood have effects across the life course, but there are significant barriers to produce credible lifetime costs and benefits estimates for such a young population.
The study could not refer to a commonly used threshold mean willingness to pay for effects against which to assess the value for money of the intervention. This limitation was imposed on the study by our inability to directly assess the utility gain (if any) associated with caries prevention. We could not, in consequence, assess value for money relative to thresholds frequently reported in the literature. Moreover, it is unlikely that mean willingness to pay is constant for any gain in effectiveness, given that differences in the scale of an intervention will have different opportunity costs. Views on mean willingness to pay for an avoided carious surface or per child remaining caries free are likely to be very different for different sectors of society. Our calculations of NMB are based on an assumed willingness to pay per carious surface avoided of £1,000. The cost to repair a carious surface is a fraction of this (NHS costs of a restoration in Northern Ireland = £8.30) (Statement of Dental Remuneration 2014 . Whether in such circumstances prevention offers better value than repair is open to debate. Furthermore, there is uncertainty about how long the benefit we report would be sustained beyond the 3-y follow-up.
Interventions delivered in general practice, perversely, may increase inequalities, as many children living in the most disadvantaged communities access dental services sporadically (Ravaghi et al. 2015) . Other community-based interventions may provide better population health outcomes at lower cost. A systematic review (Mariño et al. 2013 ) of the economic evaluation of caries prevention programs included a total of 63 studies, evaluating dental sealants, water fluoridation, and mixed interventions. The review could not make firm conclusions due to the limitations of the included studies; it is therefore difficult to compare the cost-effectiveness of the intervention we evaluated with alternative prevention strategies.
There are limitations to our study. We did not have information on oral hygiene habits at home or exposure to sugar and therefore could not control for this in our analyses. Our choice of primary outcome is a universally accepted threshold for clinical intervention. While other outcomes could have been usedfor example, the International Caries Detection and Assessment System (ICDAS) index (Ismail et al. 2007 )-our results with respect to carious surfaces and episodes of pain as well as sensitivity analyses around resource use suggest our findings are likely to be robust across a range of reasonable alternative scenarios. We do not have demonstrably robust instruments to predict caries risk in a general practice setting for children who are caries free (Mejàre et al. 2014) . If risk assessment tools (potentially including assessment of early enamel lesions) for use in general practice are refined and high levels of precision can be demonstrated, this could have a positive impact on cost-effectiveness, in that those at greatest risk could be targeted for the intervention. Conversely, it could have a negative effect on cost-effectiveness, as applying a complex risk assessment tool would add additional costs in terms of staff time.
In conclusion, the costs of providing this preventive intervention outweighed savings in treatment over the 3-y follow-up period. This intervention delivered in general dental practice is unlikely to produce a cost-saving for the NHS. Even with this evidence-based intervention and high levels of adherence, over a third of children developed caries. This finding, allied to the high costs of providing prevention in practice, does not make a convincing argument for policy makers to invest in this technology. Other interventions, delivered in other settings, may produce greater improvements in population health for lower costs.
